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Mass spectra of heavy baryons are calculated in the heavy-quark–light-diquark
picture in the framework of the QCD-motivated relativistic quark model. The dy-
namics of light quarks in the diquark as well as the dynamics of the heavy quark and
light diquark in the baryon are treated completely relativistically without applica-
tion of nonrelativistic v/c and heavy quark 1/mQ expansions. Such approach allows
us to get predictions for the heavy baryon masses for rather high orbital and radial
excitations. On this basis the Regge trajectories of heavy baryons for orbital and
radial excitations are constructed, and their linearity, parallelism, and equidistance
are verified. The relations between the slopes and intercepts of heavy baryons are
considered and a comparison of the slopes of Regge trajectories for heavy baryons
and heavy-light mesons is performed. All available experimental data on heavy
baryons fit nicely to the constructed Regge trajectories. The possible assignment of
the quantum numbers to the observed excited charmed baryons is discussed.
PACS numbers: 14.20.Lq, 14.20.Mr, 12.39.Ki
I. INTRODUCTION
Recently a significant experimental progress has been achieved in studying the heavy
baryon spectroscopy. In the last five years the number of the observed charmed and bottom
baryons almost doubled and now it is nearly the same as the number of known charmed
and bottom mesons [1]. Observations of new charmed baryons were mainly done at the
B-factories, while new bottom baryons were discovered at Tevatron [2]. It is expected that
new data on excited bottom baryons will come soon from the LHC, where they are supposed
to be copiously produced. Due to the poor statistics, the quantum numbers of most of the
excited states of heavy baryons are not known experimentally and are usually prescribed
following the quark model predictions [1].
In this paper we investigate heavy baryon spectroscopy in the framework of the QCD-
motivated relativistic quark model based on the quasipotential approach [3, 4]. To simplify
the very complicated relativistic three-body problem heavy baryons are considered in the
heavy-quark–light-diquark approximation. This reduces the initial three-body problem to
two step two-body calculations. First, the light diquark properties, such as masses and
form factors, are presented [4]. Then a heavy baryon is considered as the bound system
of a heavy quark and a light diquark. In order to take into account the rather large size
2and structure of the light diquark, its nonlocal interaction with gluons is described by the
form factor expressed in terms of the diquark wave functions. All heavy baryon excitations,
both orbital and radial, are assumed to occur in the bound system of the heavy quark and
light diquark, while the latter is taken only in the ground (scalar or axial vector) state.
Such scheme significantly reduces the number of the excited baryon states compared to the
genuine three-quark picture. The goal of this paper is the calculation of the masses of the
excited heavy baryons up to rather high orbital and radial excitations. This will allow us to
construct the heavy baryon Regge trajectories both in the (J,M2) and (nr,M
2) planes, where
J is the baryon spin, M is the baryon mass and nr is the radial quantum number. Then we
can test their linearity, parallelism and equidistance and determine their parameters: Regge
slopes and intercepts. Their determination is of great importance, since they provide a
better understanding of the hadron dynamics. Moreover, their knowledge is also important
for non-spectroscopic problems such as, e.g., hadron production and high energy scattering.
Since we are going to calculate highly excited heavy baryon states it is important to use
a fully relativistic approach, which does not use the nonrelativistic v/c expansion for light
quarks and diquarks and does not employ the heavy quark 1/mQ expansion for the heavy
quark.
The heavy baryon spectroscopy has been extensively studied in the literature [2, 4–13].
Various quark models [2, 4–8, 13], heavy quark 1/mQ and 1/Nc expansions [9], quenched and
unquenched lattice calculations [10, 11] and QCD sum rules [12] have been used. However,
in all these calculations either masses of the ground state baryons were obtained or only a
few lowest orbital and radial excitations were considered. Therefore the Regge trajectories
of heavy baryons have not been constructed. Contrarily, the Regge trajectories of light
baryons received significant attention [2, 14–21]. The related investigations were performed
on the basis of quark models [14–17], empirical relations [19] and in models based on the
AdS/QCD duality [20, 21]. It was shown that the highly orbitally excited light baryons
have an antisymmetric structure of the quark-diquark type [14, 15] and such configuration
minimizes the energy [14]. Only in this case light baryon and meson Regge trajectories have
the same slope [14, 15] 1 which is in agreement with experimental data.
Several simple relations between slopes and intercepts of light and heavy baryons have
been deduced in different models within QCD (see, e.g., [16, 22, 23] and references therein).
They were used for obtaining various linear and quadratic mass relations between baryon
masses [23].
The paper is organized as follows. In Sec. II we present the relativistic quark-diquark
model of heavy baryons. First we discuss properties of light diquarks and give their masses
and form factors. Then a heavy baryon is considered as the bound system of a heavy quark
and a light diquark. The completely relativistic expressions for the corresponding quasipo-
tentials are given. In Sec. III the heavy baryon spectroscopy is presented and discussed.
Our predictions for charmed and bottom baryon masses are confronted with the available
experimental data. The obtained results are used for constructing the heavy baryon Regge
trajectories both in the (J,M2) and (nr,M
2) planes. The prescription of the observed baryon
states to the particular trajectory allows to determine their quantum numbers. Then we
obtain slopes and intercepts of parent and daughter trajectories and test the proposed re-
lations between them. Finally, a comparison of the slopes of the heavy meson and heavy
baryon Regge trajectories is performed. We present our conclusions in Sec. IV.
1 Note that all these considerations were done for massless scalar quarks.
3II. RELATIVISTIC QUARK-DIQUARK MODEL OF HEAVY BARYONS
In the quasipotential approach and quark-diquark picture of heavy baryons the interaction
of two light quarks in a diquark and the heavy quark interaction with a light diquark in
a baryon are described by the diquark wave function (Ψd) of the bound quark-quark state
and by the baryon wave function (ΨB) of the bound quark-diquark state respectively, which
satisfy the quasipotential equation of the Schro¨dinger type [3]
(
b2(M)
2µR
− p
2
2µR
)
Ψd,B(p) =
∫
d3q
(2π)3
V (p,q;M)Ψd,B(q), (1)
where the relativistic reduced mass is
µR =
M4 − (m21 −m22)2
4M3
, (2)
and E1, E2 are given by
E1 =
M2 −m22 +m21
2M
, E2 =
M2 −m21 +m22
2M
. (3)
Here M = E1+E2 is the bound state mass (diquark or baryon), m1,2 are the masses of light
quarks (q1 and q2) which form the diquark or of the light diquark (d) and heavy quark (Q)
which form the heavy baryon (B), and p is their relative momentum. In the center of mass
system the relative momentum squared on mass shell reads
b2(M) =
[M2 − (m1 +m2)2][M2 − (m1 −m2)2]
4M2
. (4)
The kernel V (p,q;M) in Eq. (1) is the quasipotential operator of the quark-quark or
quark-diquark interaction. It is constructed with the help of the off-mass-shell scattering
amplitude, projected onto the positive energy states. In the following analysis we closely
follow the similar construction of the quark-antiquark interaction in mesons which were
extensively studied in our relativistic quark model [3]. For the quark-quark interaction in
a diquark we use the relation Vqq = Vqq¯/2 arising under the assumption about the octet
structure of the interaction from the difference of the qq and qq¯ colour antitriplet and singlet
states. An important role in this construction is played by the Lorentz-structure of the
nonperturbative confining interaction. In our analysis of mesons, while constructing the
quasipotential of the quark-antiquark interaction, we adopted that the effective interaction
is the sum of the usual one-gluon exchange term with the mixture of long-range vector and
scalar linear confining potentials, where the vector confining potential contains the Pauli
term. We use the same conventions for the construction of the quark-quark and quark-
diquark interactions in the baryon. The quasipotential is then defined by the following
expressions [3, 24]
(a) for the quark-quark (qq) interaction in the colour antitriplet state
V (p,q;M) = u¯1(p)u¯2(−p)V(p,q;M)u1(q)u2(−q), (5)
with
V(p,q;M) = 1
2
[
4
3
αsDµν(k)γ
µ
1 γ
ν
2 + V
V
conf(k)Γ
µ
1 (k)Γ2;µ(−k) + V Sconf(k)
]
,
4(b) for quark-diquark (Qd) interaction in the colour singlet state
V (p,q;M) =
〈d(P )|Jµ|d(Q)〉
2
√
Ed(p)Ed(q)
u¯Q(p)
4
3
αsDµν(k)γ
νuQ(q)
+ψ∗d(P )u¯Q(p)Jd;µΓ
µ
Q(k)V
V
conf(k)uQ(q)ψd(Q)
+ψ∗d(P )u¯Q(p)V
S
conf(k)uQ(q)ψd(Q), (6)
where αs is the QCD coupling constant, 〈d(P )|Jµ|d(Q)〉 is the vertex of the diquark-gluon
interaction which takes into account the diquark internal structure, P = (Ed(p),−p), Q =
(Ed(q),−q) and Ed(p) =
√
p2 +M2d . Dµν is the gluon propagator in the Coulomb gauge,
k = p− q; γµ and u(p) are the Dirac matrices and spinors
uλ(p) =
√√√√ǫ(p) +m
2ǫ(p)

 1σp
ǫ(p) +m

χλ, (7)
with ǫ(p) =
√
p2 +m2.
The diquark state in the confining part of the quark-diquark quasipotential (6) is de-
scribed by the wave functions
ψd(p) =
{
1 for the scalar diquark
εd(p) for the axial vector diquark
, (8)
where εd is the polarization vector of the axial vector diquark. The effective long-range
vector vertex of the diquark can be presented in the form
Jd;µ =


(P +Q)µ
2
√
Ed(p)Ed(q)
for the scalar diquark
− (P +Q)µ
2
√
Ed(p)Ed(q)
+ iµd2Md
Σνµk˜ν for the axial vector diquark
, (9)
where k˜ = (0,k). Here Σνµ is the antisymmetric tensor
(Σρσ)
ν
µ = −i(gµρδνσ − gµσδνρ), (10)
and the axial vector diquark spin Sd is given by (Sd;k)il = −iεkil. We choose the total
chromomagnetic moment of the axial vector diquark µd = 0 [25].
The effective long-range vector vertex of the quark is defined by [3, 26]
Γµ(k) = γµ +
iκ
2m
σµν k˜
ν , k˜ = (0,k), (11)
where κ is the Pauli interaction constant characterizing the anomalous chromomagnetic
moment of quarks. In the configuration space the vector and scalar confining potentials in
the nonrelativistic limit reduce to
V Vconf(r) = (1− ε)Vconf(r),
V Sconf(r) = εVconf(r), (12)
5with
Vconf(r) = V
S
conf(r) + V
V
conf(r) = Ar +B, (13)
where ε is the mixing coefficient.
The constituent quark masses mu = md = 0.33 GeV, ms = 0.5 GeV, mc = 1.55 GeV,
mb = 4.88 GeV, and the parameters of the linear potential A = 0.18 GeV
2 and B = −0.3
GeV have the usual values of quark models. The value of the mixing coefficient of vector
and scalar confining potentials ε = −1 has been determined from the consideration of
charmonium radiative decays [27] and the heavy quark expansion [28]. Finally, the universal
Pauli interaction constant κ = −1 has been fixed from the analysis of the fine splitting of
heavy quarkonia 3PJ - states [27]. Note that the long-range chromomagnetic contribution to
the potential in our model is proportional to (1 + κ) and thus vanishes for the chosen value
of κ = −1.
Since we deal with diquarks and baryons containing light quarks we adopt for the QCD
coupling constant αs(µ
2) the simplest model with freezing [29], namely
αs(µ
2) =
4π
β0 ln
µ2 +M2B
Λ2
, β0 = 11− 2
3
nf , (14)
where the scale is taken as µ = 2m1m2/(m1+m2), the background mass isMB = 2.24
√
A =
0.95 GeV [29], and Λ = 413 MeV was fixed from fitting the ρ mass [31]. Note that an other
popular parametrization of αs with freezing [30] leads to close values.
A. Light diquarks
At the first step, we present the masses and form factors of the light diquark [4]. As
it is well known, the light quarks are highly relativistic, which makes the v/c expansion
inapplicable and thus, a completely relativistic treatment is required. To achieve this goal
in describing light diquarks, we closely follow our consideration of the light meson spectra
[32] and adopt the same procedure to make the relativistic quark potential local by replacing
ǫ1,2(p) =
√
m21,2 + p
2 → E1,2 (see (3) and discussion in Ref. [32]).
The quasipotential equation (1) is solved numerically for the complete relativistic poten-
tial which depends on the diquark mass in a complicated highly nonlinear way [4]. The
obtained ground state masses of scalar and axial vector light diquarks are presented in
Table I.
In order to determine the diquark interaction with the gluon field 〈d(P )|Jµ|d(Q)〉, which
takes into account the diquark structure, it is necessary to calculate the corresponding matrix
element of the quark current between diquark states. This diagonal matrix element can be
parametrized by the set of elastic form factors in the following way
(a) scalar diquark (d = S)
〈S(P )|Jµ|S(Q)〉 = h+(k2)(P +Q)µ, (15)
(b) axial vector diquark (d = A)
〈A(P )|Jµ|A(Q)〉 = −[ε∗d(P ) · εd(Q)]h1(k2)(P +Q)µ
+h2(k
2)
{
[ε∗d(P ) ·Q]εd;µ(Q) + [εd(Q) · P ]ε∗d;µ(P )
}
6TABLE I: Masses M and form factor parameters of diquarks. S and A denote scalar and axial
vector diquarks which are antisymmetric [· · ·] and symmetric {· · ·} in flavour, respectively [4].
Quark Diquark M ξ ζ
content type (MeV) (GeV) (GeV2)
[u, d] S 710 1.09 0.185
{u, d} A 909 1.185 0.365
[u, s] S 948 1.23 0.225
{u, s} A 1069 1.15 0.325
{s, s} A 1203 1.13 0.280
+h3(k
2)
1
M2A
[ε∗d(P ) ·Q][εd(Q) · P ](P +Q)µ, (16)
where k = P −Q and εd(P ) is the polarization vector of the axial vector diquark.
The calculation of the matrix element of the quark current Jµ = q¯γ
µq between the diquark
states leads to the emergence of the form factor F (r) entering the vertex of the diquark-gluon
interaction [4]. Then the elastic form factors in Eqs. (15) and (16) are expressed by
h+(k
2) = h1(k
2) = h2(k
2) = F (k2),
h3(k
2) = 0,
where the form factor F (r) is given by the overlap integral of the diquark wave functions.
Using the numerical diquark wave functions we find that F (r) can be approximated with
high accuracy by the expression [4]
F (r) = 1− e−ξr−ζr2. (17)
The values of the parameters ξ and ζ for the ground states of the scalar [q, q′] and axial
vector {q, q′} light diquarks are given in Table I.
B. Heavy baryons as heavy-quark–light-diquark bound systems
At the second step, we calculate the masses of heavy baryons as the bound states of a
heavy quark and light diquark. Since we are considering highly excited heavy baryons, we do
not expand the potential of the heavy-quark–light-diquark interaction (6) either in p/mQ or
in p/md and treat both light diquark and heavy quark fully relativistically. To simplify the
potential and to make it local in configuration space we follow the same procedure, which
was used for light quarks in a diquark, and replace in Eqs. (6), (7), (9):
(a) the diquark energies
Ed(p) ≡
√
p2 +M2d → Ed =
M2 −m2Q +M2d
2M
,
(b) the heavy quark energies
ǫQ(p) ≡
√
p2 +m2Q → EQ =
M2 −M2d +m2Q
2M
.
7These substitutions make the Fourier transform of the potential (6) local, but introduce
a complicated nonlinear dependence of the potential on the baryon mass M through the
on-mass-shell energies Ed and EQ.
The resulting Qd¯ potential then reads
V (r) = VSI(r) + VSD(r), (18)
where the spin-independent VSI(r) part is given by
VSI(r) = VˆCoul(r) + Vconf(r) +
1
EdEQ
{
1
2
(E2Q −m2Q + E2d −M2d )
[
VˆCoul(r) + V
V
conf(r)
]
+
1
4
∆
[
2VCoul(r) + V
V
conf(r)
]
+ Vˆ ′Coul(r)
L2
2r
}
+
1
EQ(EQ +mQ)
{
−(E2Q −m2Q)V Sconf(r)
+
1
4
∆
(
VˆCoul(r)− Vconf(r)− 2
[
EQ −mQ
2mQ
− (1 + κ)EQ +mQ
2mQ
]
V Vconf(r)
)}
. (19)
Here ∆ is the Laplace operator, and VˆCoul(r) is the smeared Coulomb potential which ac-
counts for the diquark internal structure
VˆCoul(r) = −4
3
αs
F (r)
r
.
The structure of the spin-dependent potential is given by
VSD(r) = a1 LSd + a2 LSQ + b
[
−SdSQ + 3
r2
(Sdr)(SQr)
]
+ cSdSQ, (20)
where L is the orbital angular momentum; Sd and SQ are the diquark and quark spin oper-
ators, respectively. The coefficients a1, a2, b and c are expressed through the corresponding
derivatives of the smeared Coulomb and confining potentials:
a1 =
1
Md(Ed +Md)
1
r
[
Md
Ed
Vˆ ′Coul(r)− V ′conf(r) + µd
Ed +Md
2Md
V ′Vconf(r)
]
+
1
EdEQ
1
r
[(
Vˆ ′Coul(r) +
µd
2
Ed
Md
V ′Vconf(r)
)
+
Ed
Md
(
Ed −Md
EQ +mQ
+
EQ −mQ
Ed +Md
)
V ′Sconf(r)
]
, (21)
a2 =
1
EdEQ
1
r
{
Vˆ ′Coul(r)−
[
EQ −mQ
2mQ
− (1 + κ)EQ +mQ
2mQ
]
V ′Vconf(r)
}
+
1
EQ(EQ +mQ)
1
r
{
Vˆ ′Coul(r)− V ′conf(r)− 2
[
EQ −mQ
2mQ
− (1 + κ)EQ +mQ
2mQ
]
V ′Vconf(r)
}
,
(22)
b =
1
3
1
EdEQ
{
1
r
Vˆ ′Coul(r)− Vˆ ′′Coul(r)
−µd
2
Ed
Md
[
EQ −mQ
2mQ
− (1 + κ)EQ +mQ
2mQ
] [
1
r
V ′Vconf(r)− V ′′Vconf(r)
]}
, (23)
8c =
2
3
1
EdEQ
{
∆VˆCoul(r)− µd
2
Ed
Md
[
EQ −mQ
2mQ
− (1 + κ)EQ +mQ
2mQ
]
∆V Vconf(r)
}
. (24)
Both the one-gluon exchange and confining potential contribute to the quark-diquark spin-
orbit interaction. The quasipotential (18)-(24) generalizes the one obtained previously in
the framework of the heavy quark 1/mQ expansion [13]. Note that the expansion of the
extended potential (18)–(24) up to the second order in 1/mQ and the subsequent substitution
of the quark energies ǫQ(p) by the corresponding energies on mass shell EQ, reproduces the
potential of Ref. [13].
For the scalar diquark (Sd = 0) only the term (22), responsible for the heavy quark
spin-orbit interaction, contributes to the spin-dependent potential (20), whereas for the
axial-vector diquark (Sd = 1) all terms (21)–(24) contribute to the spin-dependent potential
(20). Solving numerically Eq. (1) with the complete relativistic quasipotential (18) we get
the baryon wave function ΨB. Then the total baryon wave function is a product of ΨB and
the spin function UB (for details see Eq. (43) of Ref. [33]).
It is necessary to note that the presence of the spin-orbit interaction LSQ and of the
tensor interaction in the quark-diquark potential (21)–(23) results in a mixing of states
which have the same total angular momentum J and parity P but different light diquark
total angular momentum (L+Sd). Such mixing is considered along the same lines as in our
previous calculations of the mass spectra of doubly heavy baryons [24].
III. RESULTS AND DISCUSSION
A. Heavy baryon masses
We solve numerically the quasipotential equation with the quasipotential (18) which
nonperturbatively accounts for the relativistic dynamics both of the light diquark d and
heavy quark Q. The calculated values of the ground and excited state baryon masses are
given in Tables II-VI in comparison with available experimental data [1]. In the first two
columns we give the baryon quantum numbers (I(JP )) and the state of the heavy-quark–
light-diquark (Qd) bound system (in usual notations (nr + 1)L), while in the remaining
columns our predictions for the masses and experimental data are shown.
It is important to note that in the adopted quark-diquark picture of heavy baryons we
consider solely the orbital and radial excitations between the heavy quark and light diquark,
while light diquarks are taken in the ground (scalar or axial-vector) state. As a result, we
get significantly less excited states than in the genuine three-quark picture of a baryon. As
it is seen from Tables II-VI, such an approach is supported by available experimental data,
which are nicely accommodated in the quark-diquark picture.
Comparing the new values of heavy baryon masses presented in Tables II-VI with the
previous results, obtained by using the heavy quark expansion [13], we can estimate the
importance of higher order corrections in 1/mQ. Such comparison confirms expectations that
they are mainly important for highly excited heavy baryon states and that charmed baryons
are stronger affected than the bottom ones. Indeed, the difference of masses, obtained with
and without expansion in 1/mQ, does not exceed a few MeV for the ground state heavy
baryons, while for excited states such difference in some cases reaches tens MeV, especially
for the charmed baryons.
9TABLE II: Masses of the ΛQ (Q = c, b) heavy baryons (in MeV).
Q = c Q = b
I(JP ) Qd state M M exp [1] M M exp [1]
0(12
+
) 1S 2286 2286.46(14) 5620 5620.2(1.6)
0(12
+
) 2S 2769 2766.6(2.4)? 6089
0(12
+
) 3S 3130 6455
0(12
+
) 4S 3437 6756
0(12
+
) 5S 3715 7015
0(12
+
) 6S 3973 7256
0(12
−
) 1P 2598 2595.4(6) 5930
0(12
−
) 2P 2983 2939.3(1.41.5)? 6326
0(12
−
) 3P 3303 6645
0(12
−
) 4P 3588 6917
0(12
−
) 5P 3852 7157
0(32
−
) 1P 2627 2628.1(6) 5942
0(32
−
) 2P 3005 6333
0(32
−
) 3P 3322 6651
0(32
−
) 4P 3606 6922
0(32
−
) 5P 3869 7171
0(32
+
) 1D 2874 6190
0(32
+
) 2D 3189 6526
0(32
+
) 3D 3480 6811
0(32
+
) 4D 3747 7060
0(52
+
) 1D 2880 2881.53(35) 6196
0(52
+
) 2D 3209 6531
0(52
+
) 3D 3500 6814
0(52
+
) 4D 3767 7063
0(52
−
) 1F 3097 6408
0(52
−
) 2F 3375 6705
0(52
−
) 3F 3646 6964
0(52
−
) 4F 3900 7196
0(72
−
) 1F 3078 6411
0(72
−
) 2F 3393 6708
0(72
−
) 3F 3667 6966
0(72
−
) 4F 3922 7197
0(72
+
) 1G 3270 6598
0(72
+
) 2G 3546 6867
0(92
+
) 1G 3284 6599
0(92
+
) 2G 3564 6868
0(92
−
) 1H 3444 6767
0(112
−
) 1H 3460 6766
10
TABLE III: Masses of the ΣQ (Q = c, b) heavy baryons (in
MeV).
Q = c Q = b
I(JP ) Qd state M M exp [1] M M exp [1]
1(12
+
) 1S 2443 2453.76(18) 5808 5807.8(2.7)
1(12
+
) 2S 2901 6213
1(12
+
) 3S 3271 6575
1(12
+
) 4S 3581 6869
1(12
+
) 5S 3861 7124
1(32
+
) 1S 2519 2518.0(5) 5834 5829.0(3.4)
1(32
+
) 2S 2936 2939.3(1.41.5)? 6226
1(32
+
) 3S 3293 6583
1(32
+
) 4S 3598 6876
1(32
+
) 5S 3873 7129
1(12
−
) 1P 2799 2802(47) 6101
1(12
−
) 2P 3172 6440
1(12
−
) 3P 3488 6756
1(12
−
) 4P 3770 7024
1(12
−
) 1P 2713 6095
1(12
−
) 2P 3125 6430
1(12
−
) 3P 3455 6742
1(12
−
) 4P 3743 7008
1(32
−
) 1P 2798 2802(47) 6096
1(32
−
) 2P 3172 6430
1(32
−
) 3P 3486 6742
1(32
−
) 4P 3768 7009
1(32
−
) 1P 2773 2766.6(2.4)? 6087
1(32
−
) 2P 3151 6423
1(32
−
) 3P 3469 6736
1(32
−
) 4P 3753 7003
1(52
−
) 1P 2789 6084
1(52
−
) 2P 3161 6421
1(52
−
) 3P 3475 6732
1(52
−
) 4P 3757 6999
1(12
+
) 1D 3041 6311
1(12
+
) 2D 3370 6636
1(32
+
) 1D 3043 6326
1(32
+
) 2D 3366 6647
1(32
+
) 1D 3040 6285
1(32
+
) 2D 3364 6612
1(52
+
) 1D 3038 6284
1(52
+
) 2D 3365 6612
1(52
+
) 1D 3023 6270
1(52
+
) 2D 3349 6598
11
TABLE III: (continued)
Q = c Q = b
I(JP ) Qd state M M exp [1] M M exp [1]
1(72
+
) 1D 3013 6260
1(72
+
) 2D 3342 6590
1(32
−
) 1F 3288 6550
1(52
−
) 1F 3283 6564
1(52
−
) 1F 3254 6501
1(72
−
) 1F 3253 6500
1(72
−
) 1F 3227 6472
1(92
−
) 1F 3209 6459
1(52
+
) 1G 3495 6749
1(72
+
) 1G 3483 6761
1(72
+
) 1G 3444 6688
1(92
+
) 1G 3442 6687
1(92
+
) 1G 3410 6648
1(112
+
) 1G 3386 6635
B. Regge trajectories of heavy baryons
In the presented analysis we calculated masses of both orbitally and radially excited heavy
baryons up to rather high excitation numbers (L = 5 and nr = 5). This makes it possible
to construct the heavy baryon Regge trajectories both in the (J,M2) and in the (nr,M
2)
planes. We use the following definitions.
(a) The (J,M2) Regge trajectory:
J = αM2 + α0; (25)
(b) The (nr,M
2) Regge trajectory:
nr = βM
2 + β0, (26)
where α, β are the slopes and α0, β0 are intercepts.
In Figs. 1-5 we plot the Regge trajectories in the (J,M2) plane for charmed and bottom
baryons with natural (P = (−1)J−1/2) and unnatural (P = (−1)J+1/2) parities [34]. The
Regge trajectories in the (nr,M
2) plane are presented in Figs. 6-10. The masses calculated
in our model are shown by diamonds. Available experimental data are given by dots with
error bars and corresponding baryon names. Straight lines were obtained by a χ2 fit of the
calculated values. The fitted slopes and intercepts of the Regge trajectories are given in
Tables VII and VIII. We see that the calculated heavy baryon masses fit nicely to the linear
trajectories in both planes. These trajectories are almost parallel and equidistant.
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TABLE IV: Masses of the ΞQ (Q = c, b) heavy baryons with the scalar diquark (in MeV).
Q = c Q = b
I(JP ) Qd state M M exp [1] M M exp [1]
1
2(
1
2
+
) 1S 2476 2470.88(3480) 5803 5790.5(2.7)
1
2(
1
2
+
) 2S 2959 6266
1
2(
1
2
+
) 3S 3323 6601
1
2(
1
2
+
) 4S 3632 6913
1
2(
1
2
+
) 5S 3909 7165
1
2(
1
2
+
) 6S 4166 7415
1
2(
1
2
−
) 1P 2792 2791.8(3.3) 6120
1
2(
1
2
−
) 2P 3179 6496
1
2(
1
2
−
) 3P 3500 6805
1
2(
1
2
−
) 4P 3785 7068
1
2(
1
2
−
) 5P 4048 7302
1
2(
3
2
−
) 1P 2819 2819.6(1.2) 6130
1
2(
3
2
−
) 2P 3201 6502
1
2(
3
2
−
) 3P 3519 6810
1
2(
3
2
−
) 4P 3804 7073
1
2(
3
2
−
) 5P 4066 7306
1
2(
3
2
+
) 1D 3059 3054.2(1.3) 6366
1
2(
3
2
+
) 2D 3388 6690
1
2(
3
2
+
) 3D 3678 6966
1
2(
3
2
+
) 4D 3945 7208
1
2(
5
2
+
) 1D 3076 3079.9(1.4) 6373
1
2(
5
2
+
) 2D 3407 6696
1
2(
5
2
+
) 3D 3699 6970
1
2(
5
2
+
) 4D 3965 7212
1
2(
5
2
−
) 1F 3278 6577
1
2(
5
2
−
) 2F 3575 6863
1
2(
5
2
−
) 3F 3845 7114
1
2(
5
2
−
) 4F 4098 7339
1
2(
7
2
−
) 1F 3292 6581
1
2(
7
2
−
) 2F 3592 6867
1
2(
7
2
−
) 3F 3865 7117
1
2(
7
2
−
) 4F 4120 7342
1
2(
7
2
+
) 1G 3469 6760
1
2(
7
2
+
) 2G 3745 7020
1
2(
9
2
+
) 1G 3483 6762
1
2(
9
2
+
) 2G 3763 7032
1
2(
9
2
−
) 1H 3643 6933
1
2(
11
2
−
) 1H 3658 6934
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TABLE V: Masses of the ΞQ (Q = c, b) heavy baryons with
the axial vector diquark (in MeV).
Q = c Q = b
I(JP ) Qd state M M exp [1] M
1
2(
1
2
+
) 1S 2579 2577.9(2.9) 5936
1
2(
1
2
+
) 2S 2983 2971.4(3.3) 6329
1
2(
1
2
+
) 3S 3377 6687
1
2(
1
2
+
) 4S 3695 6978
1
2(
1
2
+
) 5S 3978 7229
1
2(
3
2
+
) 1S 2649 2645.9(0.5) 5963
1
2(
3
2
+
) 2S 3026 6342
1
2(
3
2
+
) 3S 3396 6695
1
2(
3
2
+
) 4S 3709 6984
1
2(
3
2
+
) 5S 3989 7234
1
2(
1
2
−
) 1P 2936 2931(6) 6233
1
2(
1
2
−
) 2P 3313 6611
1
2(
1
2
−
) 3P 3630 6915
1
2(
1
2
−
) 4P 3912 7174
1
2(
1
2
−
) 1P 2854 6227
1
2(
1
2
−
) 2P 3267 6604
1
2(
1
2
−
) 3P 3598 6906
1
2(
1
2
−
) 4P 3887 7164
1
2(
3
2
−
) 1P 2935 2931(6) 6234
1
2(
3
2
−
) 2P 3311 6605
1
2(
3
2
−
) 3P 3628 6905
1
2(
3
2
−
) 4P 3911 7163
1
2(
3
2
−
) 1P 2912 6224
1
2(
3
2
−
) 2P 3293 6598
1
2(
3
2
−
) 3P 3613 6900
1
2(
3
2
−
) 4P 3898 7159
1
2(
5
2
−
) 1P 2929 2931(6) 6226
1
2(
5
2
−
) 2P 3303 6596
1
2(
5
2
−
) 3P 3619 6897
1
2(
5
2
−
) 4P 3902 7156
1
2(
1
2
+
) 1D 3163 6447
1
2(
1
2
+
) 2D 3505 6767
1
2(
3
2
+
) 1D 3167 6459
1
2(
3
2
+
) 2D 3506 6775
1
2(
3
2
+
) 1D 3160 6431
1
2(
3
2
+
) 2D 3497 6751
1
2(
5
2
+
) 1D 3166 6432
1
2(
5
2
+
) 2D 3504 6751
1
2(
5
2
+
) 1D 3153 6420
1
2(
5
2
+
) 2D 3493 6740
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TABLE V: (continued)
Q = c Q = b
I(JP ) Qd state M M exp [1] M
1
2(
7
2
+
) 1D 3147 3122.9(1.3) 6414
1
2(
7
2
+
) 2D 3486 6736
1
2(
3
2
−
) 1F 3418 6675
1
2(
5
2
−
) 1F 3408 6686
1
2(
5
2
−
) 1F 3394 6640
1
2(
7
2
−
) 1F 3393 6641
1
2(
7
2
−
) 1F 3373 6619
1
2(
9
2
−
) 1F 3357 6610
1
2(
5
2
+
) 1G 3623 6867
1
2(
7
2
+
) 1G 3608 6876
1
2(
7
2
+
) 1G 3584 6822
1
2(
9
2
+
) 1G 3582 6821
1
2(
9
2
+
) 1G 3558 6792
1
2(
11
2
+
) 1G 3536 6782
TABLE VI: Masses of the ΩQ (Q = c, b) heavy baryons (in
MeV).
Q = c Q = b
I(JP ) Qd state M M exp [1] M M exp [1]
0(12
+
) 1S 2698 2695.2(1.7) 6064 6071(40)
0(12
+
) 2S 3088 6450
0(12
+
) 3S 3489 6804
0(12
+
) 4S 3814 7091
0(12
+
) 5S 4102 7338
0(32
+
) 1S 2768 2765.9(2.0) 6088
0(32
+
) 2S 3123 6461
0(32
+
) 3S 3510 6811
0(32
+
) 4S 3830 7096
0(32
+
) 5S 4114 7343
0(12
−
) 1P 3055 6339
0(12
−
) 2P 3435 6710
0(12
−
) 3P 3754 7009
0(12
−
) 4P 4037 7265
0(12
−
) 1P 2966 6330
0(12
−
) 2P 3384 6706
0(12
−
) 3P 3717 7003
0(12
−
) 2P 4009 7257
0(32
−
) 1P 3054 6340
0(32
−
) 2P 3433 6705
0(32
−
) 3P 3752 7002
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TABLE VI: (continued)
Q = c Q = b
I(JP ) Qd state M M exp [1] M M exp [1]
0(32
−
) 4P 4036 7258
0(32
−
) 1P 3029 6331
0(32
−
) 2P 3415 6699
0(32
−
) 3P 3737 6998
0(32
−
) 4P 4023 7250
0(52
−
) 1P 3051 6334
0(52
−
) 2P 3427 6700
0(52
−
) 3P 3744 6996
0(52
−
) 4P 4028 7251
0(12
+
) 1D 3287 6540
0(12
+
) 2D 3623 6857
0(32
+
) 1D 3298 6549
0(32
+
) 2D 3627 6863
0(32
+
) 1D 3282 6530
0(32
+
) 2D 3613 6846
0(52
+
) 1D 3297 6529
0(52
+
) 2D 3626 6846
0(52
+
) 1D 3286 6520
0(52
+
) 2D 3614 6837
0(72
+
) 1D 3283 6517
0(72
+
) 2D 3611 6834
0(32
−
) 1F 3533 6763
0(52
−
) 1F 3522 6771
0(52
−
) 1F 3515 6737
0(72
−
) 1F 3514 6736
0(72
−
) 1F 3498 6719
0(92
−
) 1F 3485 6713
0(52
+
) 1G 3739 6952
0(72
+
) 1G 3721 6959
0(72
+
) 1G 3707 6916
0(92
+
) 1G 3705 6915
0(92
+
) 1G 3685 6892
0(112
+
) 1G 3665 6884
The obtained results allow us to determine the possible quantum numbers of the observed
heavy baryons and prescribe them to a particular Regge trajectory. In the (J,M2) plane
there are three trajectories for which three experimental candidates are available (parent
trajectories for the Λc
(
1
2
+
)
in Fig. 1a, for the Ξc
(
1
2
+
)
in Fig. 3a and for the Ξ∗c
(
3
2
+
)
in
Fig. 4b) and two trajectories with two experimental candidates (parent trajectories for the
Σc
(
1
2
+
)
in Fig. 2a and for the Ξc
(
1
2
−
)
in Fig. 3b). On the other hand, in the (nr,M
2) plane
there are three trajectories with two experimental candidates (the Λc
(
1
2
+
)
and the Λc
(
1
2
−
)
